Rigid rod-type metallo-supramolecular coordination polyelectrolytes with Fe(II) centres (Fe-MEPEs) are produced via the self-assembly of the ditopic ligand 1,4-bis(2,2 0 :6 0 ,2 00 -terpyridine-4 0 -yl)benzene (tpy-ph-tpy) and Fe(II) acetate. Fe-MEPEs exhibit remarkable electrochromic properties; they change colour from blue to transparent when an electric potential is applied. This electrochemical process is generally reversible. The blue colour in the ground state is a result of a metal-to-ligand charge transfer at the Fe(II)
Introduction
The electrochromic effect is related to the well-known photochromic effect, where an impinging light triggers a colour change in photochromic materials. Such materials are broadly used, e.g., in sunshades with variable transparency. In the electrochromic effect, however, the application of an external electric potential triggers a change in the optical properties of the material. Such electrochromic materials are prospective candidates for applications in so-called smart windows, which can be shaded on demand for privacy, large scale displays or energy conservation in vehicles and buildings by minimizing air conditioning, heating and artificial lighting.
The electrochromic effect was first discovered by Deb 1 in WO 3 , which is colourless in its oxidized state and turns blue upon reduction. Although metal oxides such as WO 3 are among the best studied electrochromic materials, their widespread commercial use is hindered by a slow switching speed, limited optical contrast and prohibitive costs. Thus, there is a high demand for alternative materials that can meet the stringent requirements needed for commercial use such as long-term reversible operation, low switching potential combined with short switching times and low capacities, high optical contrast, thermal stability, and low-cost mass production. Among these alternative materials are metallo-supramolecular coordination polyelectrolytes (MEPEs).
MEPEs form spontaneously as a result of the metal ion induced self-assembly of ditopic ligands, such as 1,4-bis(2,2 0 :6 0 ,2 00 -terpyridine-4 0 -yl)benzene (tpy-ph-tpy), and metal salts. 2 The exchange of the counter ions with amphiphiles results in the corresponding polyelectrolyte-amphiphile complexes (PACs). 3 While MEPEs are readily soluble in aqueous solutions, PACs are neutral and hydrophobic thus soluble in common organic solvents. MEPEs with Fe(II) as the central metal ion (Fe-MEPEs) exhibit a strong absorption band at around 590 nm, attributed to the metal-to-ligand charge transfer (MLCT) transition of the central Fe(II) ion in the quasi-octahedral coordination geometry to the coordinating terpyridine units, giving the Fe-MEPEs their deep blue colour. 4, 5 The corresponding Fe-PACs show an unusual temperature induced spin crossover. 6, 7 The modularity of self-assembly permits the introduction of different metal ions, ligands and counter ions, giving rise to a plethora of materials with a large range of properties. 8, 9 These macromolecular assemblies which utilize metal ion coordination, open a new dimension to the field of polymer materials. With different metal ions integrated in the polymer chain, several interesting functions become accessible, including magnetic, electrorheological, photophysical, electrochemical or electrochromic ones. 10 The positive charge of the metal ion can be used for incorporating the MEPEs into different material architectures, including liquid crystals, nanostructures or thin films. 11, 12 Especially, rigid ditopic bis-terpyridine based MEPEs are attractive. 13 The electrochemistry of polypyridines has been studied for many years. 14, 15 The metal ion complexes show metal ion and ligand based redox transitions with a total of up to five redox steps. Generally, a change in the redox state is associated with a change in the optical properties. MEPEs combine the versatile and generally reversible electrochemistry with the processing advantage of polymeric materials. 16, 17 MEPEs readily form thin films of high optical quality using various methods including layer-by-layer deposition 18 or dip coating. 19 Immobilized on transparent conducting electrodes, thin films of MEPE show the desired electrochromic properties, with high switching speeds and a low switching potential. 19 The thermal stability, one of the key properties for a commercially successful electrochromic material, is in the scope of the present study. Studies on thin films of neat Fe-MEPEs showed that annealing above 100 1C leads to an irreversible colour change from blue to green and a loss of the electrochromic function. Hence, X-ray absorption fine structure (XAFS) experiments during in situ annealing of pure Fe-MEPE powder was set up. XAFS spectroscopy has the unique ability to track changes in the electronic structure and the local geometry of crystals and molecules making it the ideal method for this problem. In XAFS spectroscopy, X-ray photons are absorbed by excitation of the inner-core electrons of a specific element. The absorbing element is selected by choosing the appropriate energy range for the scan with monochromatic photons. If the energy of the impinging X-ray photon is sufficient to excite an electron, it will probe the unoccupied electronic states present in the absorbing atom. This part of the spectrum, called X-ray absorption near-edge structure (XANES), gives information on the oxidation state, hybridization, changes in the coordination chemistry, etc. Simply speaking XANES 'feels' the chemistry of the given element, and thus allows the identification of the chemical environment, in which the element under investigation is present.
With increasing photon energy, the excited photoelectrons have a surplus energy so that they can 'leave' the atom. Such quasi-free electrons are scattered over the electron densities of the neighbouring atoms. This phenomenon generates an interference pattern in the farther part of the XAFS spectrum called the extended X-ray absorption fine structure (EXAFS). The Fourier transformation gives a quasi-radial distribution of the electron densities, thus atoms, around the absorbing element. 20, 21 Using numerical analysis methods which employ computer simulations of model structures, it is possible to reconstruct the local geometry of the absorbing atom. There are several simulation codes available, in most cases following different theoretical approaches. [22] [23] [24] In this study the FEFF code 25 is used which is, in its newest version, capable of handling both parts of the XAFS spectrum. 26 
Experimental

Synthesis of Fe-MEPE
The ditopic ligand 1,4-bis(2,2 0 :6 0 ,2 00 -terpyridine-4 0 -yl)benzene (tpyph-tpy) was synthesized and characterized according to a literature procedure. 27 The chemicals were purchased from Aldrich and used without further purification. The Fe-MEPE was synthesized with a metal ion to ligand molar ratio of 1 : 1. 28 Iron powder was dissolved in refluxing glacial acetic acid under an inert gas atmosphere to get dispersed Fe(OAc) 2 . After cooling down to room temperature, the Fe(OAc) 2 solution was added to 7.57 g (14 mmol) of tpy-ph-tpy dissolved in acetic acid (75%) and stirred for 2 h while refluxing. The deep blue solution was dried under vacuum and the obtained solid was dissolved in 100 mL ultrapure water and dried again. 10 g (14 mmol) of dark blue coloured solid Fe-MEPE was obtained.
X-ray absorption fine structure experiments
The XAFS experiments were carried out at the BAMline with a BESSY II synchrotron light source in Berlin, Germany. 29 The XAFS spectra at the K-edge of iron (7112 eV) were recorded in transmission mode using two ionization chambers (Oxford Danfysik IC Plus 50). The incident beam intensity was monitored using an ionization chamber filled with air at ambient pressure giving a transmission rate of 0.92 at 7100 eV. The absorption signal was measured using a second ionization chamber of the same type filled with argon gas at ambient pressure with a transmission rate of approx. 0.25 in the energy range of interest. The energy was scanned using a Si(111) double crystal monochromator with a relative energy resolution of 2 Â 10 À4 . The XAFS scans in the near edge region (XANES)
were carried out in the range from 7032 eV (80 eV below the edge) to 7182 eV (70 eV above the edge) with a step of 1 eV. The extended absorption fine structure region (EXAFS) was scanned up to k max = 15 Å À1 above the absorption edge (E max = 7968 eV) with a constant step in the momentum space of 0.05 Å À1 . The scans were recorded with an acquisition time of 4 s per point. The Fe-MEPE powder sample was placed in a quartz glass capillary into a PID controlled oven. The quartz glass capillary had 0.01 mm thick walls and a diameter of 2 mm. At each temperature point, four XAFS spectra were recorded, so that the last scan followed after a 2 h annealing time at the respective temperature. At each temperature, with the exception of T = 100 1C, the four spectra were identical, so that they could be merged into one spectrum. In the case of the 100 1C spectra, a time-dependent evolution was observed, see below, indicating a threshold temperature in this region, thus these spectra could not be merged into one.
The obtained XAFS spectra underwent a standard data treatment procedure using Ifeffit 1.2.11c. 30, 31 The k-range for the Fourier transformation was 1.7 Å À1 to 11.0 Å À1 using a
Hannig-type window with a slope of 1.0 Å À1 . Such parameters allowed for the use of the maximum width of the spectrum with a minimal influence from noise.
Results and discussion
The series of XANES spectra recorded while annealing the Fe-MEPE sample can be coarsely divided into two groups (Fig. 1) , a low temperature state (LT) and a high temperature state (HT). The spectra of the LT state, below 100 1C, feature a double peak at the white line (principle maximum above the absorption edge step), whereas in the HT state, above 100 1C, only one peak is present at the white line. The XANES spectra measured at 100 1C exhibit a gradual evolution with time from the LT-like to the HT-like spectra. Above 150 1C, the XANES spectra do not change anymore, indicating that the transition temperature is somewhere in the range between 100 1C and 150 1C. Moreover, after cooling down to room temperature the XANES spectra retain their HT-like character. This means that the thermally induced transition is irreversible.
The XANES spectra of Fe-MEPE in the LT state are identical with the ground state spectra of Fe(tpy) 2 (ref. 32) as well as with the Fe-PAC in the low spin state. 6, 7 However, the XANES spectra of Fe-MEPE in the HT state differ in details from those of the corresponding Fe-PAC in the high-spin state 6, 7 or the photoexcited Fe(tpy) 2 . 32 Although in all the cases a strong first whiteline peak is present with the second one reduced to a shoulder, the exact positions and intensities of the features are in each case slightly different. A comparison of the XANES spectra measured at room temperature (RT) before and after annealing at 200 1C (Fig. 2 ) reveals that both spectra have the same absorption edge energy. No shift in the absorption edge energy means that no valency change at the Fe(II) centre is involved. 33 Thus, no oxidation or reduction takes place in the Fe(II) complexes during the Fig. 1 XANES Fe K-edge spectra of neat Fe-MEPE as a function of temperature. The spectra can be divided into two groups: the low temperature state (LT) below 100 1C featuring a double white-line peak and a shoulder at the absorption edge, and the high temperature state (HT) above 100 1C with a single white-line peak and a featureless absorption edge. The XANES spectra recorded at 100 1C slowly transit into the HT state. At all other temperatures the spectra do not change with time, thus the accumulated data is averaged into one spectrum. After cooling down to room temperature, the HT state structure is retained. Thus, the transition is irreversible. The most notable change is the transition of the double peak into a single peak and the disappearance of the shoulder in the absorption edge. The prepeak below the absorption edge is slightly higher in the HT state. Altogether these features indicate a lowering of the local symmetry. The first derivative plot demonstrates clearly that no shift of the absorption edge energy occurs, thus no reduction or oxidation of the Fe(II) ions takes place.
annealing process, and the differences in the XANES spectra observed between the two thermal states have to be attributed to changes in the geometry of the Fe(II) complexes. In order to track the changes in the geometry of the local symmetry around the Fe(II) centres, the Fourier transformed EXAFS spectra are analysed. The two FT-EXAFS patterns representative for the LT and the HT states exhibit significant differences (Fig. 3) . In the case of the LT state, the modulus of the FT-EXAFS function shows clearly separated peaks, which can be attributed to the coordination shells. In general, these peaks consist of two or more sub-shell peaks. The intensity of the amplitudes decreases quite slowly; the decrease is proportional to 1/R 2 , as expected for a spherical or close to spherical symmetry. Additionally, the oscillations are well recognizable up to a distance of 6 Å. These features are strong evidence for a highly ordered local structure. In contrast, the FT-EXAFS signals of the HT state have a lower amplitude. The peaks of the first and second coordination shell are not separated and build up a congestion reaching 2.8 Å, which is followed by a significantly smaller peak at 3 Å. Beyond 3.5 Å, no significant oscillations are present in the FT-EXAFS patterns. These features indicate a lower symmetry environment of the Fe(II) coordination sphere in the HT state leading to less scattering events that contribute constructively to the interference pattern. In both cases, however, the first shell peak has the same width and position indicating that the average Fe-N bond length is approximately the same. The lower amplitude should then be a result of the aforementioned lowering of the local symmetry, e.g., by distortion of the coordination geometry. The first shell peak in both states features a shoulder at the low R slope. This is a hint that the first shell might consist of two Fe-N subshells, one of which with 2 nitrogen atoms closer to the Fe(II) centre.
The numerical analysis and interpretation of the EXAFS data follows a two-step approach. We begin with a first shell approximation including the central Fe(II) ion and the six next neighbouring nitrogen atoms. Then we use a structural model including the whole ligands (Scheme 1). The calculations of the model spectra are done using the FEFF 9 code. 34 The first shell model is a distorted octahedron including two subshells with the nearest neighbouring nitrogen atoms and the iron atom in the centre. The first subshell consists of two nitrogen atoms at a distance of 1.88 Å in the axial direction, whereas the second subshell is filled with four nitrogen atoms at a distance of 1.99 Å in the equatorial direction. This geometry is taken from the XAFS study of Fe-PACs. 7 The calculated EXAFS curves are fitted to the series of EXAFS spectra using only two free parameters (Fig. 4) that is the distances from the central Fe(II) ion to the nitrogen atoms in the two subshells. The other three standard parameters present in the FEFF fit model by default, are set constant with values estimated in preliminary fits of the series. Hence, the amplitude reduction factor S 0 2 = 0.5, the Debye-Waller factor s 2 = 0.025 Å 2 , and the inner core potential correction DE 0 = 0. Employing this model gives the history of changes in the geometry of the FeN 6 pseudo-octahedron that take place during the annealing process of the pure Fe-MEPE (Fig. 5) .
In the initial LT state, the coordination geometry is quasioctahedral. The Fe-N distance in the axial direction, along the main axis of the assembly, is 1.94 Å, whereas, the equatorial Fe-N bond length, perpendicular to the assembly axis, amounts to 1.98 Å. As the temperature is raised a gradual distortion of the FeN 6 geometry is observed. The axial bonds undergo a steady contraction reaching a minimum value of 1.87 Å at 200 1C. The equatorial bonds expand continuously to reach a value of 2.02 Å at maximum temperature. Thus, in the HT state the FeN 6 pseudooctahedron exhibits a distortion, which may be related to a spin crossover in the Fe(II) complexes from low spin to high spin as reported previously for Fe-PAC 6,7 and other Fe(II)-complexes. 35 This distortion also affects the MLCT transition around 590 nm, causing a colour change from blue to green. The corresponding changes in the UV-Vis spectrum and the visible appearance of Fe-MEPE coated PET films are shown in Fig. 6 . The transition is irreversible, as indicated by the XAFS and UV-Vis data.
In the second step of the EXAFS analysis, the geometry of the Fe(II) complex in the initial and final states is explored using a structural model incorporating the central Fe(II) ion, the six nitrogen atoms at the nearest neighbouring positions, and the 20 carbon atoms in the farther coordination shells with the corresponding hydrogen atoms (Scheme 1). The structural analysis is applied to the RT spectra recorded before and after annealing representing the LT and HT state, respectively. 5 The Fe-N distances derived from the two sub-shell model during annealing of Fe-MEPE. The axial Fe-N bond length (hollow circles) decreases during annealing from 1.94 Å to 1.88 Å, whereas the equatorial Fe-N bonds (full circles) are slightly elongated from 1.98 Å to 2.02 Å. Thus, the approximately symmetric octahedron at room temperature evolves into a pseudooctahedron that is compressed in the axial direction and slightly stretched in the equatorial direction. The distortion is irreversible, as the HT geometry is retained after cooling down to RT. The use of the RT spectrum after annealing instead of the 200 1C spectrum is preferred, because of the expected smaller values of the Debye-Waller factor at low temperatures. The Debye-Waller factor in the FEFF model and the XAFS theory is a measure for thermal disorder. Thus, the RT spectrum recorded after annealing provides less uncertainty.
The EXAFS spectra for the LT and HT states are calculated using models based on the literature. 30, 36 The theoretical spectra are fitted to the experimental ones in the range of 1.0 Å to 3.2 Å. This includes the two nearest coordination shells, i.e. six nitrogen atoms in the first shell and 12 carbon atoms, as well as hydrogen atoms attached to the C3 atoms. The model includes single-scattering paths to the neighbouring atoms and multiple-scattering paths of triangular trajectories, Tables 1  and 2 . The multiple-scattering paths in this region have amplitudes that are comparable or even stronger than those of the single-scattering paths, and thus cannot be omitted. However, the single-scattering paths to the hydrogen atoms are weak enough to be excluded from the fitting model. The model is parameterized using the three default 'spectral' parameters S 0 2 , s 2 and DE 0 .
Additionally, four 'geometrical' parameters are established. These allow for changes in the distances between the central Fe(II) ion and the atoms of the two shells. According to the designations introduced in Scheme 1, these are the distances to the nitrogen atoms, Fe-N1 and Fe-N2, and the distances to the nearest carbon atoms of the equatorial ring, Fe-C2 and Fe-C3. The distance Fe-C1 is not parametrized separately, since the C1 atom is part of the axial ring. Hence, when the N1 atom is pushed or pulled the C1 atom follows that motion. Therefore, its position is calculated from the change of distance of N1. From the molecular geometry it is possible to get all the remaining atomic positions of the structural model. The resulting fit curves are presented in Fig. 7 and the fit data are summarized in Table 3 . The results confirm the findings on the coordination geometry of the first shell model discussed above. In the LT state the Fe-N1 bond length is 1.94 Å and the Fe-N2 bond length is 1.98 Å while in the HT state the respective lengths are 1.88 Å and 2.01 Å. Moreover, the averaged bond length in the LT state is 1.96 Å and in the HT state 1.97 Å.
Overall, the equatorial nitrogen atoms are moved further away from the central Fe(II) ion. This causes a slight widening of the bite-angle of the terpyridine unit from 99.81 in the LT state to 115.41 in the HT state, see Scheme 2 and Table 4 . The biteangles found are smaller than the bite-angle of 1201 of the uncoordinated tpy-ph-tpy ligand. 36 In the case of the photo-excited spin crossover of Fe(tpy) 2 reported by Canton et al., 32 the excitation results in an elongation of all Fe-N bonds, axial and equatorial, causing a similar change in the angle between the C-C bonds connecting the central with the peripheral pyridine rings. However, the thermally induced transition of Fe-MEPE affects the coordination geometry in a different manner, causing the elongation of the equatorial Fe-N bonds while shortening the axial Fe-N bonds. Table 3 Parameters to fit the EXAFS spectra shown in Fig. 7 (amplitude reduction factor S 0 2 , Debye-Waller factor s 2 , inner core potential correction factor DE 0 , and four distance distortions Dr, the labels of the atoms in the model are defined in Scheme 1, R is the statistical residual factor of the fits) The difference might arise from the connectivity of the coordination centres along the chain axis due to the rigid ligands.
Conclusions
Annealing neat Fe-MEPE above 150 1C causes a colour change from blue to green and a loss of the reversible electrochromic properties. An in situ XAFS study reveals that the cause for the colour change is a thermally induced distortion of the coordination geometry. Initially, the Fe(II) ions are surrounded by the tpy-units in a quasi-octahedral coordination environment in agreement with crystallographic data from analogous compounds. 36 In the low temperature state, the axial Fe-N bonds are 1.94 Å, and the equatorial Fe-N bonds are 1.98 Å. Upon heating the geometry distorts to a pseudo-octahedral symmetry, where the axial Fe-N bonds are shortened and the equatorial bonds are elongated. The transition commences around 100 1C.
Above 150 1C no further changes in the geometry of the complex are observed. In the high temperature state, the axial Fe-N bond length is 1.88 Å and the equatorial length is 2.01 Å. Within the accuracy of the experiment, the average Fe-N bond length is, however, the same in both states. The change in the coordination geometry affects the interaction between the central metal ion and the coordinating ligands, which is directly observable in the colour change. Finally, we have no evidence for a redox process at the Fe(II) centre. While the driving force behind the structural change is not clear, it might be associated with a temperature induced spin crossover. Due to the rigid nature of the ditopic ligand a relaxation upon cooling might be prohibited in the solid state, thus resulting in an irreversible process. Further research is needed to verify these points in detail.
Scheme 2 In the HT state the axial Fe-N bond length is shortened, whereas the equatorial bonds are elongated, opening slightly the biteangle of the tpy unit, from 99.81 to 115.41 (dotted line). 
